It is known that the ideal gas equation of state is not valid in the lower atmosphere of Venus where surface pressures reach 9 MPa and surface temperatures approach 750 K. Moreover, the presence of a small amount of nitrogen slightly complicates the calculation of thermodynamic properties of the real gas mixture present in the atmosphere. Previous calculations of the adiabatic lapse rate in the Venus atmosphere have used approximations to estimate the adiabatic lapse rate. Here, we calculate the adiabatic lapse rate more accurately by using multi-parameter mixture models formulated in reduced Helmholtz free energy to account for the real gas mixture effects. Our results show small differences from the Seiff et al. (1980) values for the adiabatic lapse rate which may be significant where the Venus atmosphere is close to being neutral. For accurate knowledge of the static stability for atmosphere circulation, a local value of the adiabatic lapse rate is necessary.
Introduction
Staley (1970) pointed out that the adiabatic lapse rate for the lower atmosphere of Venus cannot be calculated using the ideal gas equation (g/c p ) due to the high temperature and pressure conditions and the presence of small amount of nitrogen. Considering an arbitrary equation of state for any gas mixture, Staley (1970) derived the following expression for adiabatic lapse rate Γ at the altitude z in a planetary atmosphere
where T is temperature, p is pressure, ρ is the density, g is the acceleration due to gravity and c p is the isobaric specific heat capacity of the air at altitude z. Assuming that the atmosphere is composed of pure CO 2 , Staley (1970) calculated c p and hence Γ using the real gas physical properties of pure CO 2 (Hilsenrath et al., 1955 ) across a range of pressure and temperature that can be found in the atmosphere of Venus. The major shortcoming of this approach was that the presence of N 2 in the atmosphere was neglected. In order to overcome this, Seiff et al. (1980) 1 calculated the adiabatic lapse rate by assuming an ideal binary gas mixture of real gas components: carbon dioxide (CO 2 ) and nitrogen (N 2 ) in a volume measured mixing ratio of 96.5 : 3.5, arguing that the abundance of nitrogen is small. In this approach, adiabatic lapse rate is written as
where
In the case of an ideal binary gas mixture, the contribution of pure real gas component i to the thermodynamic properties of the mixture is directly proportional to it's mole fraction x i which gives
The main drawback of this method is that the non-ideal interactions of CO 2 and N 2 in the mixture are neglected in calculating the thermodynamic properties of the mixture. Furthermore, the VIRA model (Seiff et al., 1985) extrapolated the surface temperature of Venus below 12 km altitude (at which the last measurements were made by the sensors on the four Pioneer probes) by using the adiabatic lapse rate calculated by Seiff et al. (1980) . Thus surface temperatures reported for all Pioneer probes are slightly inaccurate. As a result, the values calculated for the surface conditions on Venus which has been used in most subsequent studies pertaining to the stability of atmosphere and atmospheric circulation can be made more accurate. VeGa2 lander is the only atmospheric probe which has provided us with accurate measurements down to the surface. VeGa2 lander data in the lower atmosphere was examined by Team and Seiff (1987) which showed near neutral and superadiabatic layers. Presence of superadiabatic layers on Venus raises some key questions about the source of near surface heat deposition and the resulting atmospheric circulation in the lower atmosphere. An important parameter in understanding such atmospheric processes on Venus is static stability which influences small-scale turbulence caused by convection or wind shear, mesoscale motions and large-scale circulations as well as topography induced disturbances by the ambient flow. Thus is it imperative to calculate the adiabatic lapse rate accurately for the known conditions on Venus.
A more detailed derivation of the real gas adiabatic lapse rate for a planetary atmosphere with a multi-component real gas mixture composition varying with altitude is illustrated in Appendix A. The same expressions for adiabatic lapse rate (Eqs.1) as originally derived by Staley (1970) are obtained. As can be seen from the expressions, accuracy in adiabatic lapse rate at any altitude depends on the accuracy in Venus atmosphere profiles available, composition of the atmosphere at that altitude, density ρ and the isobaric specific heat capacity c p of air at that altitude. As there is limited experimental data available for the particular real gas binary mixture that largely makes up the Venus atmosphere, it becomes necessary to use an equation of state to predict the density ρ and isobaric specific heat capacity c p at different pressures p and temperatures T . We have already highlighted how the approaches followed by both Staley (1970) and Seiff et al. (1980) introduced errors in the determination of these quantities for the real gas binary mixture of CO 2 − N 2 that largely make up the Venus atmosphere.
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In this work, we determine ρ and c p more accurately than previous approaches by considering the interactions between real gas components in the mixture through a equation of state for the mixture. A variety of different equations of state for fluids and mixtures exist (Sengers et al., 2000) . Here, we determine the physical properties of the real gas binary mixture CO 2 − N 2 by using thermodynamic models in Helmholtz energy. We consider two different Helmholtz energy mixture models proposed in (Lemmon and Jacobsen, 1999) and (Kunz and Wagner, 2012) . The advantage these models present over other equations of state for mixtures is that it allows us to obtain the mixture properties by combining properties of real gas components obtained through their respective equations of state. In Sections 2 and 3, we review these models and how they can be used to calculate the desired thermodynamic quantities. This will be followed by a verification of the approach against experimental data and prior approaches in Section 4. In Section 5, we show how the mixture models can be used to calculate the adiabatic lapse rate and static stability for the Venus atmosphere. Results are discussed in Section 6. Finally in Section 7, we highlight the results obtained and discuss future work.
Background

Review of Mixture Models
Equations of state formulated in reduced Helmholtz free energy for mixtures were first proposed independently by Tillner-Roth (1993) and Lemmon (1996) . These empirical multi-parameter models rely on mixing rules to obtain properties of multi-component mixtures from equations of states of the pure fluid components. These mixing rules and the equations of state of the pure fluid components themselves are obtained through fitting of experimental data of multiple thermodynamic properties. The first mixture model that we consider was proposed in (Lemmon and Jacobsen, 1999) . The second mixture model that we consider is the GERG-2008 model which was proposed in (Kunz and Wagner, 2012) and is considered the most accurate mixture model for obtaining thermodynamic properties of natural gases. The older GERG-2004 mixture model (Kunz et al., 2007) was used by Hagermann et al. (2007) to estimate the abundance of methane in Titan's atmosphere using speed of sound measurements through a Bayesian analysis. However, mixture models in Helmholtz energy have not been applied to compute adiabatic lapse rate of a multi-component planetary atmosphere before.
A more recent mixture model was proposed in (Gernert, 2013) to predict thermodynamic properties mixtures relevant for Carbon Capture Storage more accurately. However, the mixing rule suggested for the binary mixture of carbon dioxide and nitrogen in (Kunz and Wagner, 2012) remains unchanged. We consider the two different mixture models to reflect the effect of mixing rules on accuracy even when both models use the same pure fluid equations of state. From here on, we will refer to the mixture model introduced in (Lemmon and Jacobsen, 1999) as LJ-1999 model and Seiff et al. (1980) approach of considering ideal mixture of real gases as IMRG model.
Mixture Model in Helmholtz Free Energy
Any generalized mixture model in Helmholtz free energy A with independent mixture variables ρ, temperature T and molar compositionx (Lemmon, 1996; Lemmon and Jacobsen, 1999; Kunz and Wagner, 2012) can be written as
where A idmix is the Helmholtz energy of the ideal mixture of the real gas components, A E is the Helmholtz energy contribution to mixing,ρ (= ρ/M ) is the amount of substance density and M is 3 the molar mass of the mixture. In general, M = i x i M i where M i is the molar mass of component i. Seiff et al. (1980) essentially neglected A E in calculating c p in Eq.4. It is however easier to work with the following decomposition of the Helmholtz energy of the mixture
where A o is the contribution of the ideal gas and A r is the contribution from the residual Helmholtz energy of the pure fluid components and from the Helmholtz energy contribution to mixing. Nondimensionalizing Eq.7 by dividing by RT (R = 8.314510 J/(mol·K) is the universal gas constant and T is the mixture temperature), we obtain
where δ is the reduced mixture density and τ is the inverse reduced mixture temperature given by
These reducing parameters are only functions of the composition as indicated above. They are specific to the mixing rule that is followed. For example, the reducing function used in the Lemmon's model (Lemmon and Jacobsen, 1999 ) is very different from that used in the GERG-2008 model (Kunz and Wagner, 2012) . The non-dimensionalized Helmholtz free energy of the ideal gas mixture is
where α o i is the ideal gas Helmholtz energy of component i in the mixture which is a function of the mixture amount of substance densityρ and temperature T , and not that of reduced density δ and inverse reduced temperature τ . The term n i=1 x i ln x i quantifies the entropy of mixing. The residual part of the non-dimensionalized Helmholtz free energy is
where α r i is the non-dimensionalized residual part of Helmholtz free energy of component i in the mixture and α E is called the excess value of the non-dimensionalized Helmholtz free energy or the departure function (Kunz and Wagner, 2012) . The usual functional form is
where the functional form of α r ij and the value of parameter F ij is prescribed by the mixing rule being used. All common thermodynamic properties such as pressure, isochoric heat capacity, isobaric heat capacity, sound of speed, enthalpy, saturated-liquid density and VLE data can be obtained from the derivatives of α 0 and α r . A list of the expressions can be found in (Kunz and Wagner, 2012) . Here, we only list those that are of relevance to us
c
To complete the mixture model setup, we still need to specify the mixing rules in order to evaluate the reduced mixture density δ, reduced mixture temperature τ and the departure function α E . We also need to specify the equations of state for CO 2 and N 2 that we will use to calculate the ideal Helmholtz energy α 0 i , residual Helmholtz energy α r i and their derivatives. One reason for considering LJ-1999 mixture model and the GERG-2008 mixture model is that they both consider the same set of equations of state for the pure components of CO 2 and N 2 .
LJ-1999 Mixture Model
As mentioned before, a mixing rule specifies how the equations of state of the pure components will be combined to evaluate the properties of the mixture. Firstly, we require the evaluation of the reduced mixture density and temperature which depend on the expressions of the reducing functions of density and temperature. For the LJ-1999 mixture model, they are given by
whereρ ci is the critical amount of substance density of component i, T ci is the critical temperature of component i, and ξ ij , β ij , φ ij and ζ ij are constant parameters particular to the mixture. For a binary mixture, the expressions for reducing values simplify to
For the LJ-1999 mixture model, the departure function is given by
The parameters in Eq.21 which are not specific to the mixture are presented in the Table 1 . In the case of the binary mixture CO 2 − N 2 , F 12 = 2.780647, ξ 12 = 0.00659978 dm 3 mol −1 , ζ 12 = −31.149300 K, φ 12 = 1 and β 12 = 1. 
GERG-2008 Model
The mathematical structure of the reducing functions for density and temperature for the GERG-2008 model are more complicated than the LJ-1999 model and are given by
where β v,12 = 0.977794634, γ v,12 = 1.047578256, β T,12 = 1.005894529 and γ T,12 = 1.107654104 for the binary mixture of CO 2 − N 2 . The function α r ij which is a part of α E (Eq.13) is given by
and F 12 = 1.0 for CO 2 − N 2 . The values of the different parameters in Eq.24 are given in Table 2 .
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where the subscript i denotes the component of interest (i.e. CO 2 or N 2 ). In the above equation, δ is the mixture reduced density and τ is the mixture reduced temperature when calculating the contribution of component i to any mixture. When calculating the Helmholtz energy for a system containing only the pure fluid i, δ =ρ/ρ c and τ = T c /T . This would also be obtained from the reducing functions of Eqs.17 and 18 for the LJ-1999 mixture model or Eqs.23 and 22 for the GERG-2008 mixture model respectively
Nitrogen. The ideal gas Helmholtz energy of N 2 is given by
where a 1 = 2.5, a 2 = −12.76953, a 3 = −0.007841630, a 4 = −1.934819 × 10 −4 , a 5 = −1.247742 × 10 −5 , a 6 = 6.678326 × 10 −8 , a 7 = 1.012941 and a 6 = 26.65788. The residual gas Helmholtz energy of N 2 is given by
The derivatives of α r N 2 as required in the mixture model and values of the parameters
Carbon Dioxide. Ideal Helmholtz energy is given by 
The derivatives of α r CO 2
, θ, ∆ and Ψ as required in the mixture model and values of the parameters
Ideal Mixture of Real Gases Model
We will now discuss how the approach in (Seiff et al., 1980) can be followed using the equations of state in Helmholtz energy. To obtain the thermodynamic properties of ideal mixture of real gases (IMRG), the first step is to neglect the contribution of non-ideal interactions between the different components in the mixture model. This can be done by setting α E to zero. The non-dimensionalized Helmholtz free energy of the IMRG can then be written as
where δ i =ρ/ρ c,i is the reduced density and τ i = T c,i /T is the reduced temperature of component i. It is important to note that α r i is not a function of the mixture reduced density δ and mixture reduced temperature τ here. These reduced values depend on mixing rules which vary from one real gas mixture model to another as we have seen in the case of LJ-1999 and GERG-2008 models. The IMRG must not depend on the mixing rule being used. This approach is similar to that followed in (STP-TS-012-1, 2012). The thermodynamic properties of the IMRG can be obtained by using Gibbs-Dalton law which is valid for ideal mixtures
where p i is the partial pressure of component i forρ and T which can be evaluated using Eq.14. Similarly,c v,i is the partial specific isochoric heat capacity andc p,i is the partial isobaric specific heat capacity of component i which can be evaluated using Eqs.15 and 16. Specifically, we have
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Density Solvers
As we have seen in the previous section, the independent variables for the mixture models in Helmholtz free energy are amount of substance densityρ and temperature T . When pressure p and temperature are available to us, we need to solve for amount of substance density in Eqs.14 and 35. We use MATLAB's inbuilt function fzero for root finding which uses a combination of bisection, secant, and inverse quadratic interpolation methods. The equations (Eqs.14 and 35) for which we need to obtain roots are highly nonlinear and many roots are possible. It is thus important to ascertain which rootρ is physically meaningful. We follow the suggestions in (Gernert et al., 2014) to do this. MATLAB's root finding solver fzero requires an initial estimate or interval forρ in which we believe the root lies in. This was generated using the ideal gas law or exploration of the range of Eqs.14 and 35 for different values of p and T . This could also be done through using an SRK equation of state as suggested in (Gernert et al., 2014) .
Verification of the results with Available Experimental Results
We compare the approaches of pure CO 2 model (Staley, 1970) , IMRG model (Seiff et al., 1980) , LJ-1999 model (Lemmon and Jacobsen, 1999) and GERG-2008 model (Kunz and Wagner, 2012) against experimental data. Our main motivation is to show that the real gas mixture models perform better than the other approaches in predicting the thermodynamic properties of the real gas mixture CO 2 − N 2 . Staley (1970) and Seiff et al. (1980) used the compilation of experimentally determined properties of CO 2 and N 2 found in Hilsenrath et al. (1955) . To account for more recent experiments, we use the equations of state for CO 2 (Span and Wagner, 1996) and N 2 (Span et al., 2000) . For comparison, the uncertainty in the isobaric specific heat capacity data of CO 2 tabulated in (Hilsenrath et al., 1955) is of the order of ±2.0% for 220 K ≤ T ≤ 600 K at atmospheric pressure. This is considering the experimental data available at that time which had low reliability. The uncertainty in c p for CO 2 as obtained from the equation of state in Helmholtz energy (Span and Wagner, 1996) is of the order of ±0.15% at the same pressure when considered against more reliable experimental data. Considering N 2 , the uncertainty in c p data obtained using the equation of state in Helmholtz energy (Span et al., 2000) is of the order of ±0.3% against that of ±3.0% uncertainty in c p data of Hilsenrath et al. (1955) for 100 K ≤ T ≤ 700 K at atmospheric pressure.
For the comparing accuracy of the different models, we look at experiments that reported results for CO 2 − N 2 mixtures with x CO 2 > 0.9 as the main contention by the approach proposed by Seiff et al. (1980) was that non-ideal interactions between CO 2 and N 2 can be safely neglected for such mixtures. Table 5 In Figures 1, 2 , 3 and 4, we look at the relative deviations of density calculated using the different models against the experimental data. The results indicate that the GERG-2008 mixture 9 model is the most accurate for these temperature and pressure ranges followed by the LJ-1999 mixture model, then the IMRG model and lastly considering a pure CO 2 equation of state. In addition to comparing the trends of deviations, we can compare the percentage average absolute deviations in density (calculated over N data points) which is given by
where ρ exp is the experimentally measured value of density and ρ calc is that predicted by the mixture model. For example, the AAD% in density obtained from the different mixture models against the experimental data of (Brugge et al., 1989) are: (i) GERG-2008 -0.0671, (ii) LJ-1999 -0.2446, (iii) IMRG -0.4842, and (iv) Pure CO 2 -5.7316. The real gas mixture models are also able to give accurate values of density for the CO 2 − N 2 mixture in the supercritical region. Considering x CO 2 = 0.9585, the AAD% in density obtained from the different mixture models against the experimental data of (Mantovani et al., 2012) are: (i) GERG-2008 -1.3592, (ii) LJ-1999 -1.5421, (iii) IMRG -2.6761, and (iv) Pure CO 2 -9.8766. This indicates that the real gas mixture models can be used with confidence in calculating accurate values of the thermodynamic properties for the CO 2 − N 2 mixture which exists in a supercritical state in the lower parts of the Venus atmosphere. (b) x CO2 = 0.9021 Figure 4 : Deviations of density calculated using the different models from experimental data in (Mantovani et al., 2012) Lastly, we look at the relative deviations of isobaric specific heat capacity calculated using the different models against the experimental data (Bishnoi et al., 1972) . The trends in Figure 5 showthat the GERG-2008 and LJ-1999 mixture models are far more accurate than the IMRG model and the pure CO 2 equation of state at predicting values of c p . The AAD% in c p over the real gas mixture models against the experimental data of (Bishnoi et al., 1972) are (i) GERG-2008 -1.7083, and (ii) LJ-1999 -2.1151 . Through the comparison of the different mixture models against experimental data, we have seen that it is imperative to include the non-ideal interactions of CO 2 and N 2 in the mixture when calculating the thermodynamic properties of the mixture. Moreover, this served as a verification of our implementation of the different real gas mixture models. The trends of deviations in ρ and c p obtained here closely match with those in (Gernert, 2013) for the GERG-2008 model and (Lemmon, 1996) for the LJ-1999 model for sets of common experimental data. Figure 5: Deviations of isobaric heat capacities calculated using the different models from experimental data for xCO 2 = 0.9323 in (Bishnoi et al., 1972) 5. Adiabatic Lapse Rate 5.1. LJ-1999 , GERG-2008 and Pure CO 2 Models Our starting point for calculating adiabatic lapse rate is Eq.1
Isobaric heat capacity c p can be computed using Eq.16. We further note that from Eq.14 and using the definitions of reducing functions, the different partial derivatives of pressure can be computed from
The adiabatic lapse rate can then be computed using
In the above expression, acceleration due to gravity was assumed to change only with altitude z as
o (Ro+z) 2 where g o = 8.869m/s 2 and the radius of the planet of Venus R o was considered to be 6052 km.
The atmospheric conditions of Venus are recorded in terms of pressure p and temperature T . As a part of calculating Γ, density ρ needs to be determined. We follow the discussion in Sec.3 and additionally consider the initial estimate of density from interpolated values of density reported in (Moroz, 1981) for altitude range of 0 − 100km.
IMRG Model
We follow the same approach as discussed in Seiff et al. (1980) to calculate the adiabatic lapse rate for the ideal mixture of real gases model (IMRG). The only difference is that the thermodynamic properties of the IMRG model are determined from equations of state in Helmholtz free energy as was discussed in Sec. 2.4. The expression in Eq.2 can be calculated using
where c p is calculated using Eq.37 and b = −aT (with a as defined in Eq.3). For the IMRG model, b can be calculated as
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The expressions for the partial derivatives of p for component i can be written in a similar fashion to those in Eqs.40 and 41. The expression for adiabatic lapse rate for the IMRG model then becomes
where α r is different for each component i. Oyama et al. (1980) reported a vertical gradient of N 2 between 22 and 52km altitudes. However, for the sake of comparison, we consider the Venus atmosphere to be composed of a real gas binary mixture of CO 2 − N 2 in the constant volume mixing ratio of 96.5 : 3.5 (Von Zahn et al., 1983) . Additionally, we can assume within experimental uncertainty that the atmosphere can be considered to be composed of a real gas binary mixture of CO 2 − N 2 in a ratio of 96.5 : 3.5 by mole fraction. Thus, we neglect any vertical variation in the composition.
Results and Discussion
An atmospheric model of Venus was created in (Seiff et al., 1985) using the measurements obtained from the four Pioneer Venus probes. Details of the profiles measured by these probes can be found in (Seiff et al., 1980) . The vertical profile of the adiabatic lapse rate for this atmospheric model was computed with the different mixture models which we have discussed using Eqs. 42 and 46. The results for the GERG-2008 mixture model which was shown to be the most accurate mixture model against experimental data in Section 4 are shown in Figure 6 (b). The adiabatic lapse rate decreases with decreasing pressure and temperature from the surface by almost 1.5 K/km between surface and 50 km and increases by the same amount in the next 20 km between 50-70 km. Figure  7 shows the difference between Seiff et al. (1985) adiabatic lapse rate computed for ideal mixture of CO 2 − N 2 (i.e. ignoring the real gas CO 2 − N 2 interactions) and adiabatic lapse rate computed from the GERG-2008 model. The differences in the calculations are as high as 0.02 K/km around 20 km. This is high enough to characterize layers in the atmosphere close to neutrally stable, which were thought to be initially stable as now unstable. This shows the importance of taking non-ideal interactions in the real gas mixture into account and using more recent experimental data of CO 2 and N 2 represented by their equations of state.
VeGa 2 temperature profile (Linkin et al., 1987) is the only one that provides measurements below 12 km and the adiabatic lapse rates corresponding to this profile computed from the GERG-2008 model is shown in Figure 6 (b). The corresponding static stability profiles are shown in Figure  8 which was calculated using
where dT dz meas is the gradient of the measured temperature with respect to altitude. This was computed using a second order centered scheme from the available temperature measurements. The nonlinear Savitzky-Golay filter was applied to the static stability profile computed for (Linkin et al., 1987 ) with a span of 11 points to remove spurious oscillations. Two superadiabatic layers are seen -one near the surface at about 4 km and another at about 17 km. A layer of near neutral stability or even slightly unstable layer is also seen in the VeGa 2 profile between 50-54 km. In the static stability profile for Seiff et al. (1985) , the atmosphere is stable near the surface. This difference between the static stability plots in Figure 8 can be explained by looking at the difference in adiabatic lapse rates obtained in Figure 6 (b) near the surface for altitudes of 0 − 15km.
For obtaining the adiabatic lapse rate and static stability for the higher altitudes in the Venus atmosphere, we use the pT profiles (Figure 9 ) obtained from radio occultation studies with the Magellan spacecraft Jenkins et al., 1994) . The temperature profile used for the calculation of adiabatic lapse rate and static stability are from orbit 3212 of the spacecraft and is shown in Figure 9 . The results obtained for adiabatic lapse rate is shown in Figure 10 (a) and for static stability is shown in Figure 10(b) . The vertical profile of static stability obtained using the GERG-2008 mixture model is similar to the one obtained in (Hinson and Jenkins, 1995) . Differences are due to the fact that (Hinson and Jenkins, 1995) used values of Γ from (Seiff et al., 1980) . From the infrared spectrometry data onboard Venera-15 (Zasova et al., 2006) , it was observed that there are spatial and temporal variations in the upper atmosphere. To fully understand the convective stability in the Venus atmosphere, we take these into consideration when calculating adiabatic lapse rate and static stability. Figure 11 shows the profiles of adiabatic lapse rate and static stability for latitudes φ < 35 • and for various solar longitudes. Not only are there clear variations in the magnitude of static stability from 75−100 km, we also observe that the atmosphere is unstable from 50−52 km for solar longitude L S = 270 • −310 • but stable otherwise. This indicates the importance of considering the variation in adiabatic lapse rate with both altitude and latitude. (Linkin et al., 1987 ) and the VIRA model (Seiff et al., 1985) constructed from the four Pioneer Venus probes' data (Seiff et al., 1980) (Linkin et al., 1987 ) and the VIRA model (Seiff et al., 1985) constructed from the four Pioneer Venus probes' data (Seiff et al., 1980) Figure 9: Profile of temperature with altitude of orbit 3212 of the Magellan spacecraft Jenkins et al., 1994) (b) Profile of static stability with altitude Figure 10 : Profiles of adiabatic lapse rate and static stability with altitude in the Venus atmosphere considering the profile of orbit 3212 of the Magellan spacecraft Jenkins et al., 1994) 
Conclusion and Future Work
We have calculated more accurate values of the adiabatic lapse rate for a mixture of 96.5% carbon dioxide and 3.5% nitrogen using the GERG-2008 mixture model for the temperature and pressure conditions found in the Venus atmosphere. We were able to account for the difference in adiabatic lapse rate values due to non-ideal interactions between CO 2 and N 2 . Near the altitudes of 20km, the magnitude of our value is about 0.02K/km lower than the approximate value calculated by Seiff et al. (1980) . We showed the importance of considering spatial variations in adiabatic lapse rate with latitude and altitude as well as temporal variations. These calculations can also be performed considering the Venus atmosphere composition to vary with altitude to reflect the measured differences in the composition. It was shown in (Oyama et al., 1980) that the abundance of nitrogen in the atmosphere can be as high as 4.6 v% at 51.6km and more recent studies (Peplowski and Lawrence, 2016) have reported higher values of 5.38 v% at 60 − 70km. Further, considering the gradient in molecular weight with altitude will alter all available profiles of T (p) for occultation and entry probe measurements, and T (z) for non occultation results. Moreover, this approach can be applied to other planets or moons such as Saturn's largest moon Titan which has an atmosphere composed of mainly nitrogen and methane.
Appendix A. Derivation of Real Gas Adiabatic Lapse Rate
Here, we outline a derivation of the real gas adiabatic lapse rate along the lines of Staley (1970) and show it is applicable to any planetary atmosphere with altitude varying real gas mixture composition. The system in consideration is a parcel of air composed of m real gas components at altitude z. There are n i moles of component gas i. This parcel of air is engaged in the adiabatic process of rising in the atmosphere. The first law of thermodynamics gives us the following relationship between the internal energy U , heat Q and work done W on the system
where µ i is the chemical potential of the ith component gas of the system and dn i is the change in number of moles of that particular component. Considering that the parcel of air has a constant composition while rising,
Assuming specific internal energy u as a function of temperature T , specific volume v and composition we have
where the subscript n i denotes that the mole numbers of all the component gases is held constant for the corresponding partial derivative and j =i n j denotes that the mole numbers of all component gases but jth component is held constant. Noting that the composition of the air parcel does not change while rising, the above equation is simplified to
where c v is the isochoric specific heat capacity. Using the Maxwell's relation of
where p is pressure in the parcel, we obtain from substituting in Eq.A.2:
If we were to introduce an equation of state explicit in pressure p = p(v, T, n i ) , we would then have dp
which reduces to dp = ∂p
as the parcel maintains constant composition while rising. Writing it explicitly in terms of volume differential, we have dv = dp − where c p is the isobaric specific heat capacity of the multi-component real gas mixture that makes up the parcel of air. Assuming adiabatic condition and using the hydrostatic equation dp = −ρgdz where ρ (= 1/v) is the density of the air parcel, the following expression for adiabatic lapse rate Γ is obtained. 
